ABSTRACT. The genetic characterization of Pseudomonas protegens
the direct phosphorylation of glucose by glucose kinase, phosphorylation of oxidized products 23 of glucose (gluconate and 2-ketogluconate) towards the ED pathway accounted for over 90% of 24 2 consumed glucose and greater than 35% of consumed glucose was secreted as gluconate and 2-25 ketogluconate. Consistent with the lack of annotated pathways for the initial catabolism of 26 pentoses and galactose in P. protegens Pf-5, only glucose was assimilated into intracellular 27 metabolites in the presence of xylose, arabinose, or galactose. However, when glucose was fed 28 simultaneously with fructose or mannose, co-uptake of the hexoses was evident but glucose 29 was preferred over fructose (3 to 1) and over mannose (4 to 1). Despite gene annotation of 30 mannose catabolism toward fructose 6-phosphate, metabolite labeling patterns revealed that 31 mannose-derived carbons specifically entered central carbon metabolism via fructose-1,6-32 bisphosphate, similarly to fructose catabolism. Remarkably, carbons from mannose and 33 fructose were found to cycle backward through the upper Emden-Meyerhof-Parnas pathway to 34 feed into the ED pathway. Therefore, the operational metabolic network for processing 35 carbohydrates in P. protegens Pf-5 prioritizes flux through the ED pathway to channel carbons 36 to downstream metabolic pathways. substrates are ubiquitous both in environmental matrices and in feedstocks for engineered 41 bioconversion. Here we investigated the metabolic network for carbohydrate metabolism in P. 42 protegens Pf-5. Metabolic flux quantitation revealed the relative involvement of different 43 catabolic routes in channeling carbohydrate carbons through the network. We also uncovered 44 that mannose catabolism was similar to fructose catabolism, despite the gene annotation of 45 two different pathways in the genome. Elucidation of the constitutive metabolic network in P. 46 protegens is important for understanding its innate carbohydrate processing, thus laying the 47 foundation for targeting metabolic engineering of this untapped Pseudomonas species.
48

INTRODUCTION
50
Species of the genus Pseudomonas, which are ubiquitous in the environment, are metabolically 51 diverse and often used for industrial bioproduction (1). Elucidating the native network of 52 carbon fluxes through metabolic pathways is critical to the engineering of these bacterial 53 species to optimize their use in agriculture, industry, and medicine. Gaining importance in 54 bioremediation, P. protegens Pf-5 was identified to produce enzymes that degrade 55 polyurethane, a plastic polymer (2). Furthermore, P. protegens Pf-5 is also known to synthesize 56 and release several antimicrobials and exoenzymes that are toxic to plant pathogens (3-6). 57 Recently, P. protegens Pf-5 was characterized and annotated at the genomic level (7). However, 58 the metabolic network of P. protegens Pf-5 has only been inferred from genome annotation 59 and has not yet been investigated experimentally. 60 Given the importance and ubiquity of carbohydrate-containing feedstocks, we seek to 61 unravel the metabolic network structure for carbohydrate metabolism in P. protegens Pf-5 by 62 combining 13 C-assisted cellular carbon mapping with 13 C metabolic flux analysis (MFA). Previous 63 studies on other Pseudomonas species (i.e. P. putida, P. fluorescens) have focused on 64 elucidating metabolic fluxes during growth on glucose, a prototypical carbohydrate substrate 65 (8-11). In a similar fashion, we also studied here the innate carbohydrate metabolism in P. 66 protegens Pf-5 during feeding on glucose alone. However, carbon feedstocks are typically 67 composed of other carbohydrates in addition to glucose. Therefore, we also investigated 68 carbon assimilation and fluxes when the P. protegens Pf-5 cells were fed on mixtures of glucose 69 with other hexoses (mannose, fructose, and galactose) or pentoses (xylose and arabinose). 70 Previous reports showed that P. protegens strains were able to grow on glucose, mannose, 71 or fructose as a single carbon source, but not on galactose, xylose, or arabinose (6). In the (Fig. 1) (1, 7, 10). Therefore, to route glucose-derived carbons eventually 86 downstream towards biosynthetic pathways and the tricarboxylic acid (TCA) cycle, the ED 87 pathway is required wherein 6P-gluconate is cleaved to produce pyruvate and glyceraldehyde 88 3-phosphate (GAP) (Fig. 1) . The gene that encodes 6-phosphofructokinase is also absent in P.
89
protegens Pf-5 (7), thus the ED pathway is assumed to be the required route for glucose 90 metabolism in P. protegens Pf-5. However, the extent to which the peripheral pathway of 91 glucose oxidation contributes to initial glucose catabolism compared to direct glucose 92 phosphorylation in P. protegens Pf-5 remains to be determined. 93 In contrast to glucose, fructose is transported through the PTS, which uses the phosphate 94 group from PEP to phosphorylate fructose to fructose-1-phosphate (F1P) followed by a 95 subsequent phosphorylation step by 1-phosphofructokinase to convert F1P to FBP (Fig. 1) phosphates, GAP and dihydroxyacetone-3-phosphate (DHAP) (Fig. 1) (19, 20) , but the gene for this enzyme was not annotated in the P. protegens Pf-5 genome (7).
114
On the other hand, albeit not yet confirmed by metabolic studies, the genes for the relevant 115 enzymes in the second catabolic route, i.e. the conversion of mannose to F6P, were annotated 116 in the P. protegens Pf-5 genome (Fig. 1) .
117
The presence of the annotated genes for transketolase and transaldolase enzymes implied xylose into the PP pathway were not present in P. protegens Pf-5 (Fig. 1) (7) . Moreover, the 124 collective enzymes needed for the alternative route for xylose through the Weimberg pathway, 125 which incorporates xylose through xylonate into α-ketoglutarate, were not all present in the 126 genome of P. protegens Pf-5 (7). Regarding arabinose catabolism, there was no annotated 127 pathway for the assimilation of arabinose in P. protegens Pf-5 ( Fig. 1) 152 or glucose and mannose (0.50 ± 0.04 h -1 ) ( Fig. 2A; Fig. S1 ; Table S2 ). We also found that the 153 growth rate remained relatively unchanged when the cells were grown on 50 mM C glucose 154 alone (0.47 ± 0.02 h -1 ) ( Fig. 2A) . Therefore, P. protegens would not be subjected to carbon 155 limitation during growth on carbohydrate mixtures if either fructose or mannose was not 156 assimilated from the mixture with glucose ( Fig. 2A) . 157 We monitored substrate consumption by P. protegens Pf-5 cells by tracking the depletion 158 of the carbohydrates from the extracellular medium ( Fig. 2B ; Table S2 ). The glucose-grown cells was consumed but only 10% of mannose was taken up by the cells (Fig 2B) . Quantification of 169 the consumption rates during exponential growth determined that fructose consisted 22% of 170 the total carbon uptake and mannose consisted of 20% of total carbon uptake (Table S2) . Thus, 171 during hexose co-utilization under both of our experimental conditions, glucose acts as the 172 major carbon source for cellular metabolism. 173 We also monitored the extracellular overflow of metabolic products, a phenomenon that is (Fig. 3A) . In accordance with the ED pathway wherein the 206 first three carbons of 6P-gluconate become the doubly 13 C-labeled pyruvate and the last three 207 nonlabeled carbons become GAP, pyruvate was 50-53% doubly 13 C-labeled and DHAP (an 208 isomer of GAP) was over 95% nonlabeled (Fig. 3A) . The 37-38% nonlabeled fraction of pyruvate 209 was indicative of the nonlabeled fractions of precursor metabolites downstream of GAP (Fig.   210   3A ). In the absence of the 6-phosphofructokinase enzyme in P. protegens Pf-5 and thus the lack 211 of the traditional forward EMP pathway (7), the nonlabeled GAP and DHAP combined to 212 produce the highly nonlabeled FBP (85-87%), which then cycled backward through upper EMP 213 to result in the 67-70% nonlabeled F6P and 31% nonlabeled G6P (Fig. 3A) . The MFA quantified 214 the relative contribution of the three assimilation routes for the glucose carbons in P. protegens 215 Pf-5 (Fig 4A) . Only ~5% of the glucose uptake was directly converted to G6P in the cytosol, 216 10 whereas up to 95.2% of glucose was oxidized to gluconate accompanied by another flux (12.7%) 217 toward 2-ketogluconate (Fig. 4A) . Following the phosphorylation of the oxidized products of 218 glucose to 6P-gluconate, our MFA determined that the flux through the ED pathway was 67.2% 219 of the glucose uptake rate in P. protegens Pf-5 (Fig. 4A) . were consistent with the established route of carbon flow through this pathway (Fig. 3C) . The 237 decarboxylation of pyruvate generated nonlabeled and singly 13 C-labeled acetyl moieties in 238 acetyl-CoA, which were subsequently incorporated into the TCA cycle by combining with 239 oxaloacetate (OAA) (nonlabeled, singly, doubly, and minorly triply 13 C-labeled) to produce 240 11 citrate (nonlabeled, singly, doubly, triply, and minorly quadruply 13 C-labeled) (Fig 3C) . The two 241 sequential decarboxylation reactions in the TCA cycle led to the disappearance of the quadruply 242 13 C-labeled fraction in citrate and, thereafter, the triply 13 C-labeled fraction in α-ketoglutarate 243 (Fig. 3C) . The resulting succinate labeling pattern (nonlabeled, singly, and doubly 13 C-labeled) 244 led to a similar labeling scheme through fumarate, malate, and OAA (Fig. 3C) . The MFA 245 obtained a substantial flux (above 70% of the glucose uptake) through the TCA cycle from OAA 246 around to malate (Fig. 4A) . 247 Anaplerotic reactions contributed to the triply 13 C-labeled OAA (Fig. 3C ). The 248 aforementioned decarboxylation reactions in the TCA cycle contributed to the 13 C-labeled 249 carbon dioxide (CO2) pool, which was calculated to be about 37-39% of the total dissolved CO2 250 ( Fig. 3; Fig. S4 ). The carboxylation of doubly 13 C-labeled pyruvate or doubly 13 C-labeled PEP with 251 13 C-labeled CO2 would generate triply 13 C-labeled OAA (Fig. 3C) . Notably, singly 13 C-labeled OAA 252 can be formed from carboxylation reactions of nonlabeled pyruvate or PEP with singly 13 C-253 labeled CO2 (Fig. 3C) . The singly 13 C-labeled OAA can also be formed from singly 13 C-labeled 254 malate though the traditional TCA pathway utilizing malate dehydrogenase (Fig. 3C) . The 255 relative contributions of the different precursors to OAA (i.e., pyruvate/PEP versus malate) in P.
256
protegens Pf-5 was resolved with the MFA, which demonstrated a substantially higher 257 fractional flux of pyruvate to OAA (70%) than the flux of malate to OAA through malate 258 dehydrogenase (7.7%) (Fig. 4A) . This low flux through malate dehydrogenase was accompanied 259 by a high flux for the direct conversion of malate to pyruvate (63.4%), thus highlighting a very 260 active pyruvate shunt in P. protegens Pf-5 (Fig. 4A) . The 13 C-labeling patterns of TCA cycle 261 metabolites implied an inactive glyoxylate shunt, which bypasses the decarboxylation reactions 262 in the canonical TCA cycle to produce malate and succinate from citrate (Fig. S5) . Specifically, there was a lack of triply 13 C-labeled succinate which would be produced from triply and 264 quadruply 13 C-labeled citrate through the glyoxylate shunt (Fig. S5 ).
265
Energetics of glucose catabolism. We compared the energetic yields [reduced ubiquinone 266 (UQH2), NAD(P)H, and ATP] from central carbon metabolism between our MFA-based cellular 267 fluxes in P. protegens Pf-5 and those previously reported for P. putida KT2440, a well-studied 268 biocatalyst candidate (10) (Fig. 4B ). Compared to P. putida KT2440 (10), there was a slightly 269 higher flux (about 5% higher) from glucose to gluconate in P. protegens Pf-5 but the flux from 270 malate to OAA was lower (by about 25%) in P. protegens Pf-5. Accordingly, there was a higher 271 yield of UQH2 from initial glucose catabolism in P. protegens Pf-5 but a higher UQH2 yield from 272 the TCA cycle in P. putida KT2440 (Fig. 4B) . Regarding the yield of NAD(P)H, there was a higher 273 contribution from the TCA cycle (by about 3%) and from the oxidative PP pathway (by about 274 60%) in P. putida KT2440 than in P. protegens Pf-5 but the contribution of the anaplerotic 275 reaction from malate to pyruvate was lower (by about 81%) in P. putida KT2440 than in P.
276
protegens Pf-5 (Fig. 4B) . With respect to ATP production by substrate-level phosphorylation, P.
277
protegens Pf-5 produced less (by about 3 mmol ATP/gCDW) than P. putida KT2440 due to the 278 relatively lower fluxes in the downstream ED pathway of P. protegens (10) (Fig. 4) . However, 279 the net ATP yield was similar because P. protegens Pf-5 consumed less ATP than P. putida 280 KT2440 in initial glucose catabolism due to the higher flux for the glucose oxidation to 281 gluconate and 2-ketogluconate and accounting for the subsequent carbon loss through 282 secretions of these oxidized products in P. protegens Pf-5 (10) (Fig. 4) . In sum, despite the 283 different contributions of the relevant metabolic pathways, the combination of these 284 contributions led to nearly equivalent net energetic yields in P. protegens Pf-5 and P. putida 285 KT2440 (Fig. 4B) . Fig. 5; Fig. 6 ).
295
Glucose with xylose, arabinose, or galactose. While galactose, xylose, and arabinose are 296 reported to not be metabolized as single substrates in P. protegens Pf-5 (6), whether they are 297 metabolized in the presence of glucose needed to be evaluated. During growth on 13 C-labeled 298 glucose and galactose, the labeling patterns of metabolites in the EMP and ED pathways (F6P, 299 FBP, DHAP) were identical to the metabolite labeling during feeding on glucose alone, thus 300 indicating the lack of galactose catabolism in the presence of glucose (Fig. 5A) . During 301 simultaneous feeding on 13 C-labeled glucose and a pentose substrate (xylose or arabinose), the 302 labeling patterns of metabolites in the PP pathway (Xu5P, R5P, S7P) also indicated the lack of 303 pentose assimilation (Fig. 5B) . Furthermore, there was no indication of xylose incorporation 304 into α-ketoglutarate, consistent with the lack of the Weimberg pathway (Fig. S6) . Therefore, 305 our data from 13 C enrichment studies ascertained the absence of carbon assimilation from 306 galactose, xylose, or arabinose in the presence of glucose (Fig. 5 ). with both uptake and assimilation of fructose in the presence of glucose (Fig. 6) . However, the 310 differential abundance of the nonlabeled fractions indicated a bottleneck in fructose 311 14 assimilation, which may explain the slower rate of fructose depletion than glucose depletion 312 from the extracellular medium ( Fig. 2B; Fig. 6 ). Consistent with fructose incorporation through 313 F1P into FBP, the highest fraction of nonlabeled carbons was seen in FBP (59-62%); both F6P 314 and DHAP had lower nonlabeled fractions (25-30% and 17%, respectively) (Fig. 6) . The lower 315 fraction of nonlabeled carbons in DHAP than in F6P implied that the fructose-derived carbons 316 were preferentially routed through a backward flux through upper EMP pathway towards the 317 ED pathway (Fig. 6) . The labeling of G6P reflected the nonlabeled and partially 13 C-labeled 318 fractions from F6P, consistent with this backward flux (Fig. 6) . Therefore, in lieu of the forward 319 EMP pathway, our data stresses the importance of the ED pathway in the co-processing of 320 fructose with glucose.
321
The labeling patterns of metabolites in the PP pathway also showed that the contribution 322 of the fructose-derived carbons in this pathway was preferentially through the non-oxidative 323 route (Fig. 6) . A transketolase reaction in the non-oxidative PP pathway combines the first two 324 carbons of F6P with GAP to produce Xu5P. Both Xu5P and R5P have significant fractions of 325 triply 13 C-labeled carbons (38-44%), in accordance with the combination of nonlabeled F6P with 326 triply 13 C-labeled GAP following growth on 13 C-labeled glucose with unlabeled fructose (Fig. 6) . 327 Due to the low fraction of nonlabeled GAP (as determined from DHAP labeling), there was a 328 lack of appreciable fraction of doubly 13 C-labeled R5P and Xu5P, which was evident in cells 329 grown on [U-13 C6]-glucose with unlabeled glucose (Fig. 6 ). (Fig. 6 ). This was evident by the 334 substantial increase in the nonlabeled fraction of FBP at the two timepoints, from 12% at an 335 15 optical density at 600 nm (OD600) of ~0.5 to 52% at OD600 of ~1.0 (Fig. 6 ). This time-dependent 336 labeling data agreed with the fact that extracellular mannose started to decrease significantly 337 after 6 h of growth, following the depletion of glucose (Fig. 2B) .
338
A higher nonlabeled fraction of FBP than of F6P implied that incorporation of mannose-339 derived carbons into FBP by way of fructose was preferred in P. protegens Pf-5 (Fig. 6) . In 340 agreement with this catabolic route for mannose, there was a larger pool of FBP than F6P when 341 cells were grown on the glucose:mannose mixture relative to the glucose only condition (Fig.   342   S7 ). This large FBP pool was also seen in the glucose:fructose condition relative to the glucose 343 only condition (Fig. S7) . During feeding on 13 C-glucose with unlabeled mannose, the nonlabeled 344 fraction of DHAP (18%) was lower than F6P (28%) and G6P (26%) (Fig. 6) . Therefore, these Table S4; Table S5 ). Our MFA focused on the pathways 352 surrounding the incorporation points of carbohydrates: initial glucose catabolism, the EMP 353 pathway, PP pathway, and the ED pathway (Fig. 7) . Each MFA made use of the labeling data 354 collected at OD600 of 0.5 during early exponential phase before extracellular glucose is depleted 355 and was constrained by the consumption rate of each carbohydrate, biomass effluxes, and 356 metabolite secretions ( Fig. 7; Fig. S2 ; Table S5; Table S6 ). Upon optimization of the estimated 357 metabolic fluxes, the model-estimated 13 C-labeling patterns agreed well with the 358 experimentally determined 13 C-labeling patterns for each condition ( Fig. S8; Fig. S9 ). 359 16 Despite the genome-encoded capabilities in P. protegens Pf-5 to involve the splitting of FBP 360 to DHAP and GAP (Paulsen et al., 2005) , the MFA revealed that the net flux was instead the 361 aldolase reaction that combines DHAP and GAP to generate FBP (Fig. 7) . Due to the additional 362 incorporation of fructose-derived carbons through the flux from FBP to 6P-gluconate, there 363 were higher fluxes from FBP to F6P (3-fold increase), F6P to G6P (3.6-fold increase), and G6P to 364 6P-gluconate (2.3-fold increase) in cells grown on the glucose:fructose mixture compared to 365 glucose alone (Fig. 7) . Similar to metabolism of glucose alone, there was a significant flux of the 366 glucose uptake channeled through glucose oxidation to gluconate (88%) followed by the ED 367 pathway (95%) during the metabolism of both glucose and fructose (Fig. 7) . Consistent with the 368 increased carbon flux towards 6P-gluconate, there were a 4.3-fold increase in the flux toward 369 the oxidative PP pathway (i.e. from 6P-gluconate to Ru5P) and a 19% increase in the ED 370 pathway (i.e., from 6-gluconate to GAP and pyruvate) (Fig. 7) . (Fig. 8) . Specifically, we examined the labeling 377 patterns of gluconate, 6P-gluconate, G6P, F6P, FBP, and DHAP (Fig. 8) . Across all timepoints, 378 gluconate labeling was consistently ~100% fully 13 C-labeled, indicating that gluconate was 379 exclusively the oxidized product of the 13 C-labeled glucose (Fig 8) . However, the labeling of the 380 other five metabolites had nonlabeled fractions derived from the assimilation of unlabeled 381 mannose (Fig. 8) . The labeling of 6P-gluconate exhibited the slowest kinetic incorporation of 382 nonlabeled fractions (Fig. 8) . The appearance of nonlabeled pool of 6P-gluconate (starting at 383 17 ~4%) occurred at the fifth measurement timepoint at an OD600 of 0.94 (Fig. 8) . By contrast, FBP 384 exhibited the fastest incorporation of nonlabeled fraction that occurred at an OD600 of 0.2 (Fig.   385   8 ). Compared to the labeling kinetics of FBP, there was a delay in the incorporation of 386 nonlabeled carbons in F6P and G6P, which started to occur an OD600 of 0.6, and DHAP, which 387 steadily increased after an OD600 0f 0.8 (Fig. 8) . Statistical analysis (Mixed Effect Model; F3, 57 = 388 12.973; p < 0 .0001) confirmed that the significant effect of OD600 on the incorporation of 389 mannose-derived nonlabeled carbons was dependent on the metabolite (Fig. 8) . These kinetics 390 data collectively demonstrated that, instead of being channeled directly from FBP to GAP and 391 DHAP, mannose carbons were incorporated at FBP and cycled up through F6P and G6P to the 392 ED pathway to generate subsequently GAP and DHAP (Fig. 8) . Thus, the catabolic route for 393 mannose was similar to what was determined for fructose catabolism. 
DISCUSSION
396
The metabolic networks and fluxes of several Pseudomonas species, including P. putida, P. gluconate with relatively minor influx of glucose through G6P (Fig. 4A) . Up to 95% of consumed 403 glucose in P. protegens Pf-5 was channeled through the ED pathway, which was also reported in 404 P. putida, P. fluorescens, and P. aeruginosa (8, 11, 22, 25) . Furthermore, the non-oxidative 405 route was more significant than the oxidative route in generating PP pathway intermediates in 406 P. protegens Pf-5, as previously reported for P. putida KT2440 (11) (Fig. 3B; Fig. 4A ). The highly with fructose or mannose ( Fig. 5; Fig. 6 ). In accordance with gene annotations, metabolite 420 labeling data confirmed that fructose was incorporated into metabolism via FBP (Fig. 6) . 421 However, contrary to the possible route for mannose assimilation through F6P annotated in the 422 P. protegens Pf-5 genome (7), the primary route of mannose assimilation in P. protegens Pf-5 423 was found to be also via FBP (Fig. 6 ). In addition, the appearance of fructose extracellularly 424 during growth on mannose implied conversion of mannose to fructose prior to intracellular 425 metabolism (Fig. 2B) . Mannose conversion to fructose by a mannose isomerase has been 426 reported previously in P. cepacia, P. aeruginosa, and P. saccharophila (17-20). Whether a non-427 specific isomerase exists in P. protegens remains to be determined. Fig. 2A) . However, uptake of glucose was preferred 440 over the uptake of fructose (3 to 1) or mannose (4 to 1) ( Fig. 2 ; Table S2 ). The composition ratio 441 of glucose to fructose in maize root exudates was found to be 2 to 1 (27). And, across soil 442 horizons, the glucose:mannose ratio ranged approximately from 3:1 to 5:1 (28). Therefore, 443 remarkably, the relative consumption rates of glucose versus fructose or mannose in P. (Fig. 2C) . After glucose was depleted, a decrease in the concentration of both 457 gluconate and 2-ketogluconate indicated that the cells can utilize these metabolites once their 458 favored carbon source is exhausted ( Fig. 2B; Fig. 2C ). This phenomenon would need to be of time until late stationary phase using OD600 measurements (Fig. S1 )-cell suspensions were 496 diluted when the OD600 value was above 0.5 to get accurate reading. Cell dry weight in grams 497 (gCDW) was also determined throughout growth by lyophilizing the cell pellets as previously 498 described (11). pyruvate, Xu5P, R5P, S7P, aspartate, citrate, α-ketoglutarate, succinate, and malate. Aspartate 528 13 C-labeling is used as a proxy for OAA 13 C-labeling by assuming equilibrium between the two 529 compounds (11). The labeling of dissolved CO2 was estimated from the labeling patterns of 530 ornithine and citrulline (Fig. S2) ; ornithine incorporates one mole of dissolved CO2 to become 531 citrulline. All the extracted isotopologues were corrected for natural abundance of 13 
